* Presented as an invited talk at the 50th annual symposium of the Vacuum Society of Japan, Nov. 5, 2009 A large majority of insertion device (ID) vacuum sectors on the European Synchrotron Radiation Facility (ESRF) electron storage ring for the production of intense synchrotron radiation are equipped with ‰at vacuum vessels made of extruded aluminum using a non-evaporable Getter (NEG) coating to reduce the vacuum pressure bump along the chamber during the operation of the accelerator. After the in-situ activation of the sputteredˆlm by bake-out of the vacuum system the NEG pumps gases such as H 2 , CO and CO 2 while CH 4 and noble gases are not pumped. Because a low activation temperature for the NEG is necessary to be compatible with the mechanical limitations of the aluminum alloy, the NEG composition of TiZrV has been chosen. During operation of the ESRF electron storage ring a few hundreds of watts of synchrotron radiation fall on the walls of the ID chambers leading to photodesorption and photo-conditioning. The NEG coating is intended to provide distributed pumping and reduced photodesorption to keep the generation of unwanted Bremsstrahlung radiation following the installation of a new vessel low. The deposit of the NEG coating takes place at a dedicated facility in the ESRF.
Introduction
Twenty-two of the twenty-ˆve ID sectors available on the ESRF storage ring for in-air insertion devices are equipped with NEG-coated ID vacuum chambers made of extruded aluminum with an elliptical beam chamber of 57 by 8 mm 2 . Twenty of these chambers have a total length of about 5 m. All chambers have been NEG-coated in-house by DC-magnetron enhanced physical vapor deposition (PVD). Because water leaks appeared at the air side of the extruded Al vessel, the sectional proˆle of the chamber has recently been reviewed. The modiˆed proˆle has also been used for prototype chambers with a total length of more than 6 m. (Fig. 1 , the modiˆed prole is shown below the original proˆle). It has been shown that also for quadrupole chambers, which are much less conductance limited than the ID chambers, the NEG coating can replace part of the classical lumped pumping by sputtering ion pumps and NEG cartridges to obtain a simpler vacuum chamber production and vacuum layout.
Status of installed NEG-coated chambers on ESRF storage ring
In 2000 and 2001, ESRF started the installation of NEG-coated 5 m long ID vacuum chambers with two families in parallel: An electron beam welded stainlesssteel 316LN chamber with an internal aperture of 50(57) ×8 mm 2 (Fig. 2 , the electron beam travels in the octagonal chamber on the right), and an extruded aluminum 6060 chamber with an outer vertical height of 15 mm and an elliptical internal beam chamber of 74 mm by 11 mm 1) . All chambers were coated by Physical Vapor Deposition (PVD) at CERN in Geneva, where this method for the application of NEG coatings was invented 2) . Given the good performance of the coated chambers, the ESRF decided to purchase a license enabling the use of this technology and construct a coating facility in a dedicated building at the ESRF. The geometry of the beam chamber of the 10 mm stainless-steel chamber and the experiences with the 15 mm extruded aluminum chamber were used to design actual ESRF ID chambers, namely a chamber made of extruded aluminum 6060 with an outer vertical aperture of 10 mm (CV5000-10) and an elliptical beam chamber of 57×8 mm 2 . The same extrusion proˆle was used for the production of some 2-m-long chambers (CV2000-10), which were installed together with the so called in vacuum undulators. On these devices, the magnetic structures for the production of synchrotron radiation are installed inside a large vacuum tank. The in vacuum undulators are typically 2.4 m in length; thus the NEG-coated chambers were used here toˆll the available length (5 m) of the straight section by adding a conventional in-air undulator around the aluminum chamber.
Several installations of 3-m-long quadrupole/sextupole ( Fig. 3 ) chambers with diŠerent conductances were performed. These chambers are installed inside the magnets responsible for the focusing and defocusing of the electron beam. The lumped pumping of these chambers from the original vacuum layout of the ESRF (2×200 l/s NEG cartridge SAES Getters St-707 and 1×60 l/s VARIAN StarCell sputtering ion pump for a 3, 5 m long chamber) was completely replaced by the NEG coating. An overview on all the NEG-coated chambers installed in November 2009 on the ESRF storage ring is given in Table 1. 3. Production and quality control aspects for the production of NEG coatings
Two large coating tools are operational in the NEG coating facility of the ESRF. One can take chambers that have length of up to 6.2 m and is equipped with a movable 1-m-long DC solenoid producing a magneticˆeld strength of 500 G for the enhancement of the PVD process (Fig. 4) . The other tool can coat chambers that have length of up to 5 m and is equipped with a movable up-perˆx point to adapt to diŠerent chamber lengths 3) ; a 2-m-long solenoid with a peakˆeld of 700 G is installed here (Fig. 5) .
The homogeneous thickness distribution of the sput-teredˆlm is mandatory for the good dynamic performance (pressure distribution with the stored electron beam and exposure to synchrotron radiation) of the vacuum chamber. In the plane of the elliptical beam chamber, the uniform NEG layer thickness is controlled by correct positioning and dose calculation of the three cathodes used for the process which are made from twisted wires of the three metals titanium, zirconium and vanadium. The systematic control and acquisition of all process parameters (cathode voltage, current, sputtered dose, process gas pressure and solenoid magneticˆeld strength) is done for each solenoid position during the coating process with a dedicated PLC application.
After the completion of the coating, aˆrst activation by external heating of the chamber to 180C for 24 h is performed on the coating tool. After the cooling down of the chamber and the isolation of the roughing pumps, pressures in the range of 10 -8 Pa are observed. During the coating, a silicon sample is located at the extremity of the chamber. Using the sample, theˆlm thickness is determined by electron microscopy and the correct composition of the three materials is determined by X-Ray spectroscopy after the coating.
It turned out that these quality checks together with a visual control by looking into the inside from the of the chamber are not su‹cient for guaranteeing the properties of theˆlm along the whole chamber, thus meaning that for example an uncoated area in the middle of the vacuum chamber cannot be detected. Therefore the ESRF develops a miniaturized re‰ectometer to be pulled through the chamber and scan the optical re‰ectivity of theˆlm, which is diŠerent for a coated area as compared with a bare aluminum surface.
Also, a measurement bench with an X-ray generator and a photodiode for exciting and detecting the X-ray ‰uorescence peak of the Zr through the aluminum chamber wall is operational. The objectives is to scan from outside the chamber after deposition and to correlate the presence of the Zr peak with the complete coverage of the chamber with NEG.
Installation, qualiˆcation and preconditioning of coated chambers on the ESRF electron storage ring
It has been shown by measurement on a dedicated photodesorption beamline that the photodesorption rate of a NEG-coated (TiZrV) vacuum tube decreases sig-niˆcantly after 20 h activation bake at 250C 4) . In the case of a typical long ID vacuum chamber with a strong conductance limitation (Cº1.0 l･m･s -1 ), the measurement cannot be carried out similary because the indication of vacuum gauges located at the extremities of the chamber is not considered as a representative of the complete length.
For the time being, there has been no vacuum simulation method available that can predict the transient behavior of the pressure distribution of such a conductance-limited chamber when being exposed for theˆrst time to synchrotron radiation in a real accelerator environment. A software program capable of producing a good simulation would have to take into account the eŠects of distributed pumping and reduced photodesorption provided by the NEG coating on one hand and the conditioning with synchrotron radiation photons (photoconditioning, the photodesorption rate decreases with the accumulated dose of synchrotron radiation) on the other. The impact of molecules entering the chamber from the extremities where photon absorbers are located leads to ongoing coverage of theˆlm and therefore increasing saturation; this would need to be considered as well.
Because of the described di‹culties of a precise prediction, at ESRF every coated ID vessel is tested in situ on a dedicated preconditioning and qualiˆcation sector of the storage ring. After baking at 180C for at least 24 h, cooling down, and the regeneration of the connected lumped pumping, the accelerator is restarted and one measures the initial Bremsstrahlung conditioning of the chamber as an indicator for the quality of the coating. An ionization chamber inside a dedicated beamline hutch is used by the ESRF Safety Group for this measurement. This preconditioning is carried out in between two shutdown periods where the vacuum system typically accumulates 170 Ah of dose. The``memory-eŠect'' of the conditioning allows that after the removal of the chamber from the preconditioning sector, the transport lled with dry air and theˆnal installation on the destination sector, the second Bremsstrahlung conditioning curve starts much lower. The connected user beamline on the destination sector can be authorized for operation after a short time by the Safety Group as the radiation levels in the beamline hutches are within the legal limits.
Conclusions
The NEG coating made it possible to equip all available ESRF insertion device sectors with vacuum chambers as ‰at as 10 mm outside vertical aperture. The magnetic structures for the production of synchrotron radiation (undulators and wigglers) can be placed very near the electron beam in order to obtain a high photon brilliance in the connected ESRF experimental stations (beam-lines).In terms of locally increased Bremsstrahlung radiation level and reduced beam lifetime of the storage ring, the vacuum performance of the new ID chamber is acceptable immediately after the installation. The NEG coating allows a very simple and cost-eŠective design of the ID vacuum chamber.
For vacuum chambers inside the focusing and defocusing magnets (quadrupoles and sextupoles) with a speciˆc conductance as high as 15 l m/s, the NEG coating can replace most of the lumped pumping of the original layout when few remaining ion pumps take care of the gases which are not pumped by the NEG such as noble gases and CH 4 . The ESRF upgrade program will therefore make intense use of the NEG coating, for example for 6.2 m-long-ID vacuum chambers with a conductance º1.0 l m/s.
